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INTRODUCTION 
During r e e n t r y  t h e  t r i m  angle  of a t t a c k  of t h e  Space S h u t t l e  nominal ly  s tar ts  a t  
40° and decreases t o  about  5 O  with  decreas ing  Mach number. !this w i d e  range of t r i m  
angle  of a t t a c k  creates special des ign  c o n s i d e r a t i o n s  f o r  bo th  l o n g i t u d i n a l  and 
l a t e r a l - d i r e c t i o n a l  c o n t r o l .  In  t h e  high-speed, high-angle-of -a t tack  regime, t h e  
a i r f l o w  over  the v e r t i c a l  s t a b i l i z e r  is masked by t h e  main body of  t h e  v e h i c l e .  
Consequently,  t h e  rudder  and speed brake a r e  r e l a t i v e l y  i n e f f e c t i v e  and t h e  v e h i c l e  
i s  s t a t i c a l l y  uns tab le .  For t h e  c u r r e n t  design of t h e  S h u t t l e ,  d i r e c t i o n a l  c o n t r o l  
and s t a b i l i t y  were provided through t h e  use of a r e a c t i o n  c o n t r o l  system (RCS) j e t  
for yaw c o n t r o l  which i s  o p e r a t i o n a l  down t o  Mach 1. 
t o  date b u t  i s  n o t  f u l l y  s a t i s f a c t o r y  because ( 1 )  t h e  c o n t r o l  mechanizat ion i s  on-off 
and -not  p r o p o r t i o n a l ,  as is  aerodynamic c o n t r o l  by a rudder;  ( 2 )  t h e  RCS j e t  f u e l  
usage d u r i n g  t h e  r e e n t r y  is u n c e r t a i n  and creates a n  added supply problem; 
je t s  are designed t o  expand i n t o  t h e  f u l l  vacuum of  o u t e r  space and n o t  i n t o  t h e  
atmosphere as they  would i f  used f o r  c o n t r o l  d u r i n g  e n t r y .  Hence, as a tmospher ic  
e n t r y  progresses  and t h e  need f o r  c o n t r o l  power i n c r e a s e s ,  t h e  e f f e c t i v e n e s s  of t h e  
RCS je t s  decreases. 
U s e  of t h e  RCS h a s  worked w e l l  
( 3 )  t h e  
Various proposals have been made t o  o b t a i n  p r o p o r t i o n a l  aerodynamic yawing con- 
t r o l  moment us ing  w i n g l e t s ,  v e r t i c a l  f i n s ,  and o t h e r  s u r f a c e s  t h a t  would impact t h e  
s t r u c t u r a l  des ign  of the vehic le .  This  paper p r e s e n t s  and e v a l u a t e s  a control-system 
concept  designed to  produce p r o p o r t i o n a l  yaw c o n t r o l  moment by us ing  t h e  c u r r e n t  
S h u t t l e  c o n f i g u r a t i o n  wi thout  use of the RCS. Hence, it does n o t  impact the s t r u c -  
t u r a l  des ign  of t h e  v e h i c l e .  The concept  is c a l l e d  The Separate-Surface C o n t r o l  
Concept because aerodynamic yaw-moment control is achieved by separate d e f l e c t i o n s  of 
t h e  inboard and outboard e levons  on the  e x i s t i n q  Space S h u t t l e .  These elevon sur -  
faces are c u r r e n t l y  d e f l e c t e d  s imultaneously by us ing  t h e  d i g i t a l  f l i g h t  c o n t r o l -  
system software.  
This  paper d i s c u s s e s  t h e  separa te -sur face  concept  as a f u n c t i o n  of i n d i v i d u a l  
s u r f a c e  d e f l e c t i o n  angle  on t h e  wing t r a i l i n g  edge. Independent p i t c h  and r o l l  con- 
t r o l  are achieved i n  t h e  convent iona l  manner , c o l l e c t i v e l y  d e f l e c t i n g  a l l  t h e  sur -  
f a c e s  for p i t c h  and opposite d e f l e c t i o n  of t h e  l e f t  and r i g h t  e levon s u r f a c e s  f o r  
ro l l .  Independent yaw c o n t r o l  is achieved by us ing  d i f f e r e n t i a l  d e f l e c t i o n  of t h e  
inboard and outboard elevons.  The e f f e c t s  of t h e  t r i m  ( t h e  b i a s e s  of t h e  inboard  
and outboard s u r f a c e s  from z e r o  c o n d i t i o n )  and t h e  d e f l e c t i o n  r a t io  ( t h e  incrementa l  
d e f l e c t i o n  of t h e  i n d i v i d u a l  s u r f a c e s  from t h e  t r i m  c o n d i t i o n )  are i l l u s t r a t e d .  The 
method used to  determine t h e  c o n t r o l  e f f e c t i v e n e s s  f o r  each of t h e  s u r f a c e s  and t h e  
c a l c u l a t i o n  of t h e  aerodynamic f o r c e  and moment c o e f f i c i e n t s  f o r  a given c o n t r o l -  
surface p o s i t i o n  are presented.  Numerical examples are used  t o  i l l u s t r a t e  t h e  use  of 
t h e  s e p a r a t e - s u r f a c e  concept  f o r  s t a b i l i t y  augmentation. !this concept i s  t h e n  i n c o r -  
porated i n  a la te ra l -cont ro l - sys tem design t o  o b t a i n  s a t i s f a c t o r y  la teral  h a n d l i n g  
qua l i t i e s  . 
SYMBOLS 
A l l  aerodynamic d a t a  and f l i g h t  motions are referenced  to  t h e  body a x i s  system. 
aerodynamic and control matrices 
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t r a n s f e r  f u n c t i o n  c o e f f i c i e n t  
l a t e r a l  a c c e l e r a t i o n ,  g u n i t s  
wing span, f t  
normal-force c o e f f i c i e n t ,  Normal force 
qs 
Side f o r c e  
qs 
s ide- force  c o e f f i c i e n t ,  
R o l l i n g  moment rolling-moment c o e f f i c i e n t ,  
qSb 
yawinq-moment c o e f f i c i e n t ,  'awing moment 
qSb 
body-flap mean chord, f t  
root mean chord, f t  
t i p  chord, f t  
wing mean aerodynamic chord, f t  
f l i q h t  r e f e r e n c e  l i n e  
normal f o r c e  
a l t i t u d e ,  f t  
moment of i n e r t i a  about  X- and Z-axis, s l u g - f t 2  
Mach number 
a i r c r a f t  r o l l i n g  and yawing moments 
a i rcraf t  r o l l  and yaw rate about  X and Z body a x i s ,  r e s p e c t i v e l y ,  
deg/sec o r  rad /sec  
2 dynamic pressure, 1/2 pV 
r e a c t i o n  c o n t r o l  system 
wing a r e a ,  f t 2  

























l e n g t h  of c o n t r o l  s u r f a c e  as a func t ion  of y, f t  
roll-mode t i m e  c o n s t a n t ,  sec 
spiral-mode t i m e  c o n s t a n t ,  sec 
t i m e  to  double amplitude 
con t ro l  and i n p u t  vector 
a i r c r a f t  speed, m/sec ( f t / s e c )  
f ree-s t ream speed, m/sec ( f t / s e c )  
vector for [ p  4 r ~1~ 
components a long  t h e  X and Z body axes of t h e  r i g h t  outboard s u r f a c e  
c o o r d i n a t e  normal t o  plane of symmetry 
v e c t o r  f o r  [ p  4 r ayl 
a n g l e  of a t t a c k ,  deg 
a n g l e  of s i d e s l i p ,  deg 
body-f lap d e f l e c t i o n ,  deg 
inboard  d e f l e c t i o n ,  posit ive when t r a i l i n g  edge down, deg 
T 
61'61,c, 6 0 /6 0,c c o n t r o l  i n t e r c o n n e c t  ra t ios  
I L  












t r , I  
l e f t  inboard d e f l e c t i o n ,  nega t ive  when t r a i l i n g  edge up, deg 
r i g h t  inboard d e f l e c t i o n ,  nega t ive  when t r a i l i n g  edge up, deg 
outboard d e f l e c t i o n ,  p o s i t i v e  when t r a i l i n g  edge down, deg 
l e f t  outboard d e f l e c t i o n ,  p o s i t i v e  when t r a i l i n g  edge down, deg 
r i g h t  outboard d e f l e c t i o n ,  p o s i t i v e  when t r a i l i n g  edge down, deg 
6 - 6  
e , L  e'R, deg 
2 ai leron d e f l e c t i o n ,  
command i n p u t  (60 or 61) 
e levon d e f l e c t i o n ,  + h I ,  deg 
rudder  d e f l e c t i o n ,  deg 
wing inboard t r i m  ang le ,  deg 
3 
wing outboard t r i m  angle ,  deg 
t r , O  
6 
o s c i l l a t i o n  s p i r a l - r o l l  coupled-mode damping r a t i o s  
'RS, 1 "RS, 2 
Dutch rol l  damping r a t i o  
damping r a t i o  €or Q/6a t r a n s f e r  func t ion  numerator c o n s t a n t  
complex r o o t s  of t h e  c h a r a c t e r i s t i c  equa t ions  
ang le  of p i t c h ,  deg 
a i r  dens i ty ,  s l u g s / f t 3  
ang le  of r o l l ,  deg 
magnitude of Q/P t ransform polynomial eva lua ted  f o r  Dutch rol l  mode 
inboard t r a n s f e r  f u n c t i o n  
outboard t r a n s f e r  func t ion  
r o l l  t r a n s f e r  func t ion  
3utch  r o l l  frequency 
o s c i l l a t i o n  s p i r a l - r o l l  coupled-mode f r equenc ie s  
RS,  1 IwRS,  2 
w 
n a t u r a l  frequency f o r  Q/Sa t r a n s f e r  f u n c t i o n  numerator 
4 
(w /w 1 
4 d  
W 
roll-yaw coupl ing  parameter 2 
S u b s c r i p t s  : 
C command i n p u t  
I inboard 
L l e f t  
0 outboard 
R r i g h t  
Der iva t ives :  
' ac' c =-  C' = - ac 
'P a($) I: a(%) 
ac' - -   ' aC 
c' 
- -  
6 *  r 
- aa C 
r '6 
4 
ac 1 c = -  
a@ '@ 
' C = -  
a6a a '6 






C = -  - 
r "6 
'n r @  - 
acn = -  
0 
n as C 




acY C = -  C = -  ac* 
I y6 a a6a y6 
LI 
C = C cos  u - - C  s i n  u 
IX I p  "' dyn 
"n c = -  a$  n B  
acY cy = - 
B 
A d o t  over  a symbol i n d i c a t e s  d i f f e r e n t i a t i o n  wi th  r e s p e c t  t o  t i m e .  The super-  
s c r i p t  T i n d i c a t e s  t ranspose  of the matrix.  
SEPARATE-SURFACE CONCEPT 
The sepa ra t e - su r face  concept  u t i l i z e s  the  s e p a r a t i o n  of the  inboard and out -  
board e levons  t o  achieve yawing-moment con t ro l .  I t  t akes  advantage of the nonl inear  
na tu re  of t h e  incrementa l  aerodynamic fo rces  as a func t ion  of i n d i v i d u a l  s u r f a c e  
d e f l e c t i o n  ang le  on the  wing t r a i l i n g  edge. The planform geometry of the  Space 
S h u t t l e  showing the  separate s u r f a c e s  is shown i n  f i g u r e  1 .  Moment c o n t r o l  about  a l l  
t h r e e  body axes is achieved by separate d e f l e c t i o n s  of the f i v e  t r a i l i ng -edge  su r -  
f aces  shown i n  the  planform - t he  body f l a p ,  the  two inboard e levons ,  and the two 
outboard elevons.  Independent p i t c h  and r o l l  c o n t r o l  is achieved i n  a convent iona l  
manner, c o l l e c t i v e l y  d e f l e c t i n g  a l l  the  s u r f a c e s  f o r  p i t c h  and oppos i t e  d e f l e c t i o n  of 
t h e  l e f t  and r i g h t  elevon s u r f a c e s  f o r  r o l l .  I t  i s  assumed t h a t  p i t c h  t r i m  is 
achieved by us ing  the  body f l a p s .  Independent yaw c o n t r o l  moment is achieved us ing  
d i f f e r e n t i a l  d e f l e c t i o n  of t he  inboard and outboard elevons.  For t h i s  t o  be e f f e c -  
t i v e  i n  producing yawing moment, t he  inboard and outboard s u r f a c e s  must be trimmed a t  
d i f f e r e n t  p o s i t i o n s .  Consider the case where the  outboard elevons are b iased  down so 
t h a t  small d e f l e c t i o n  from t r i m  modulates both lift and drag. I f  t he  inboard e levons  
can be trimmed so t h a t  some small d e f l e c t i o n  from t r i m  modulates only  l i f t  t o  cance l  
t h e  outboard modulated l i f t ,  yawing moment can be obta ined  with no change i n  r o l l i n g  
o r  p i t c h i n g  moment. This  gene ra l  concept  w i l l  now be q u a n t i f i e d  by us ing  Newtonian 
flow theory.  
The Newtonian theory  r equ i r ed  for the  a n a l y s i s  of t he  sepa ra t e - su r face  concept  
is documented i n  r e fe rence  1 .  B a s i c  assumptions under ly ing  the  theory  are 
1 .  The Mach number of the  free stream is very l a r g e  
2. On s u r f a c e s  exposed t o  the  flow, the component of momentum normal to  t h e  
s u r f a c e  is l o s t ,  whereas the  one parallel  to  t h e  s u r f a c e  is unchanged 
5 
3 .  Shock waves a r e  parallel  to  the f r e e  stream 
4. A p e r f e c t  vacuum e x i s t s  i n  the wake of any object placed i n  t h e  f low 
Under these assumptions,  t h e  r e s u l t a n t  f o r c e  on a f l a t  plate w i l l  be normal to  the 
plate and pass through t h e  area c e n t r o i d  of the p l a t e .  Thus, the incrementa l  force 
a c t i n g  on the r i g h t  oukboard elevon i n  f i g u r e  2 is given by 
and f o r  the d i f f e r e n t i a l  span elernent on t h e  outboard elevon of t h e  Space S h u t t l e  
( f i g .  31, the incremental  body a x i s  forces and moments caused by t h e  d e f l e c t e d  out -  
board elevon are 
OR)  dFN,OR 
dx = s i n ( 6  
OR 
= -y dXOR 
dMZ, OR 
dMX, OR = Y dZOR J 
The latter t w o  equat ions  can be i n t e g r a t e d  from the e levon s p l i t  l i n e  to  the t i p  of 
t h e  elevon to  g e t  t h e  t o t a l  incrementa l  forces and moments. 
Equations ( 2 )  have been numer ica l ly  i n t e g r a t e d  by u s i n g  t h e  S h u t t l e  planform to  
produce t h e  r e s u l t s  presented  i n  f i g u r e  4 (a graph of t h e  incrementa l  r o l l i n g  and 
yawing moments as a f u n c t i o n  of s u r f a c e  d e f l e c t i o n  angle  6 f o r  the r i g h t  inboard 
and outboard elevon s u r f a c e s ) .  The data i n  f i g u r e  4 are plotted f o r  an angle  of 
attack of 25O and normalized t o  a common wing r e f e r e n c e  area of 3938 f t  As t h e  
a n g l e  of d e f l e c t i o n  of t h e  c o n t r o l  s u r f a c e  i n c r e a s e s  from - 2 S 0 ,  t h e  incrementa l  
moments vary from 0 ( w i t h  a slope of 0). Of course ,  i f  t h e  d e f l e c t i o n  is less than  
- 2 S 0 ,  t he  sur face  w i l l  be i n  t h e  wake of t h e  wing and w i l l  produce no incrementa l  
moment. One s i g n i f i c a n t  p o i n t  is t h a t  t h e  inboard and outboard data p o i n t s  are 
almost c o i n c i d e n t  because of the c u r r e n t  e levon geometry. I n  the range of d e f l e c -  
t i o n s  from - 2 5 O  to O o ,  t h e  X body a x i s  force component of t h e  r e s u l t a n t  a c t i n g  on 
t h e  c o n t r o l  s u r f a c e  is negat ive ,  c r e a t i n g  a s l i g h t l y  n e g a t i v e  yawing moment. I t  is 
0 a t  Oo d e f l e c t i o n  and then posit ive as t h e  d e f l e c t i o n  is f u r t h e r  increased .  Thus, 
t h e  yawing-moment curve crosses the  z e r o  abscissa of the graph a t  a d e f l e c t i o n  of 
O o .  Since t h e  aerodynamic forces are p r o p o r t i o n a l  to  t h e  square  of t h e  s i n e  of t h e  
sum of t h e  angle  of attack and the d e f l e c t i o n  a n g l e  of the s u r f a c e ,  a n e a r l y  f l a t  
yaw-moment curve is produced f o r  p o s i t i v e  s u r f a c e  d e f l e c t i o n s .  
2 
6 
The sepa ra t e - su r face  concept  t akes  advantage of t h e  non l inea r  n a t u r e  of t h e  
incrementa l  aerodynamic f o r c e s  as a func t ion  of s u r f a c e  d e f l e c t i o n  a n g l e  on t h e  wing 
t r a i l i ng -edge  su r faces .  By b i a s i n g  t h e  outboard s u r f a c e s  down t o  say  l o o ,  a n  i n c r e -  
mental  change i n  outboard d e f l e c t i o n  w i l l  produce increments  i n  both  r o l l i n g  and  
yawing moments. I f  t h e  inboard s u r f a c e s  are b i a sed  up t o  s a y  - loo ,  a n  inc remen ta l  
d e f l e c t i o n  of those  s u r f a c e s  produces e s s e n t i a l l y  on ly  r o l l i n g  moment. Thus, one 
technique  f o r  c r e a t i n g  only  yawing moment is t o  t r i m  t h e  v e h i c l e  w i th  t h e  biases 
d iscussed ,  t o  increment t he  outboard elevon t o  create both  yawing moment and a n  added 
undes i r ab le  r o l l i n g  moment, and t o  use  t h e  inboard  e levon on t h e  same s i d e  t o  c a n c e l  
t h e  undes i r ab le  r o l l i n g  moment. The amount of yawing moment t h a t  can be  achieved  
w i l l  depend on t h e  t r i m  s e t t i n g  of t h e  inboard and outboard  s u r f a c e s  and on the 
incrementa l  d e f l e c t i o n s  of t h e  i n d i v i d u a l  su r f aces  from t h e  t r i m  condi t ion .  As a n  
example, cons ide r  a t r i m  s e t t i n g  of Oo f o r  t h e  inboard  s u r f a c e s  and +loo f o r  t h e  
outboard s u r f a c e s .  I f  t h e  outboard su r face  on t h e  r i g h t  wing i s  d e f l e c t e d  l o o  down 
away from t r i m  ( t o t a l  d e f l e c t i o n  of 20°) ,  t he  r e s u l t i n g  inc remen ta l  c o e f f i c i e n t s  w i l l  
be -0.135 i n  yaw and +0.185 i n  r o l l  ( reading  d i r e c t l y  from f i g .  4) .  Using t h e  r i g h t  
inboard  s u r f a c e  t o  balance t h e  r o l l i n g  moment ( a g a i n  from f i g .  41, t h e  r e q u i r e d  
inboard  d e f l e c t i o n  is  -1 7O, which produces inc remen ta l  c o e f f i c i e n t s  of  -0.01 i n  yaw 
and -0.185 i n  r o l l .  Thus, t h e  n e t  accumulated c o e f f i c i e n t s  are -0.1 25 i n  yaw and 
0 i n  ro l l .  These accumulated c o e f f i c i e n t s  produce a yawing moment of 50 000 f t - l b  a t  
a n  a l t i t u d e  of 165 000 f t  and M = 10. "he m o s t  a f t  RCS j e t  produces 34 676 f t - l b  
with t h e  c e n t e r  of g r a v i t y  a t  65 pe rcen t  of body l e n g t h  and 32 275 f t - l b  a t  67 p e r -  
c e n t  of body length.  Because of t h i s  p o t e n t i a l  of ach iev ing  independent  yawing con- 
t ro l  moment, t h e  sepa ra t e - su r face  concept  is subsequent ly  used h e r e i n  t o  augment t h e  
d i r e c t i o n a l  s t a b i l i t y  of t h e  Space S h u t t l e .  
Separate-Surface Control  E f f e c t i v e n e s s  
To e v a l u a t e  the  sepa ra t e - su r face  concept f o r  r e e n t r y ,  c o n t r o l  e f f e c t i v e n e s s  d a t a  
are needed f o r  each inboard and outboard sur face .  These d a t a  are no t  a v a i l a b l e  from 
the  e x i s t i n g  Space S h u t t l e  d a t a  base which assumed t h a t  the  inboard and outboard su r -  
f a c e s  move t o g e t h e r  and are not  separa ted .  Wind-tunnel tes ts  have been made by 
assuming s m a l l  s e p a r a t i o n s  of t he  inboard and outboard e levons  i n  order t o  determine 
t h e  e f f e c t  of misalignment of the  su r faces .  The s e p a r a t i o n  between the  s u r f a c e s  w a s  
less than 5O. Analys is  presented  i n  the  l a s t  s e c t i o n  by us ing  Newtonian flow shows 
t h a t  the inboard  and outboard s u r f a c e s  have almost equa l  e f f e c t i v e n e s s  i n  producing 
yawing and r o l l i n g  moments. (See f i g .  4.) This  equa l  e f f e c t i v e n e s s  provides  a basis 
f o r  e x t r a c t i n g  sepa ra t e - su r face  d a t a  from the e x i s t i n g  Space S h u t t l e  d a t a  base. That 
is, i f  one assumes t h a t  t he  s u r f a c e s  have equal  e f f e c t i v e n e s s  i n  producing r o l l  and 
yaw moments, one may e x t r a c t  t he  moment c o e f f i c i e n t s  from t h e  S h u t t l e  d a t a  base f o r ,  
say ,  a combined l e f t  inboard and outboard d e f l e c t i o n  and ha lve  them to  g e t  t he  moment 
c o e f f i c i e n t s  f o r  t he  i n d i v i d u a l  inboard and outboard s u r f a c e s .  Note t h a t  i n  the  
high-speed regime, t h i s  assumption is j u s t i f i e d  b u t  its v a l i d i t y  has not  been estab- 
l i s h e d  i n  t h e  low-speed or supersonic  regime. 
A Space S h u t t l e  d a t a  base d i g i t a l  computer program a v a i l a b l e  a t  t he  Langley 
Research Center  w a s  used to gene ra t e  the  separa te -sur face  c o n t r o l  d a t a  base. The 
program c a l c u l a t e s  t he  aerodynamic f o r c e  and moment c o e f f i c i e n t s  f o r  given c o n t r o l -  
s u r f a c e  p o s i t i o n s  from the  data base. The aerodynamic d e r i v a t i v e s  used w e r e  taken 
from a 1975 d a t a  base (updated i n  r e f .  2 )  and are p resen ted  f o r  the t r a j e c t o r y  of 
t a b l e  1 i n  table 2. To o b t a i n  these  d a t a  from t h e  d a t a  base program, the  inboard and 
outboard s u r f a c e s  are assumed to  have equal  e f f e c t i v e n e s s  i n  producing r o l l i n g  and 
yawing moments. The procedure f o r  ob ta in ing  t h e  c o n t r o l  e f f e c t i v e n e s s  d a t a  w a s  to 
f i x  t h e  e l evon  s u r f a c e  on one s i d e  a t  Oo and sweep t h e  fu l l - span  elevon on the  o t h e r  
7 
s i d e  through i t s  range of s u r f a c e  d e f l e c t i o n s .  The aerodynamic c o e f f i c i e n t s  w e r e  
ob ta ined  and the  r e s u l t s  were a d j u s t e d  f o r  t h e  s u r f a c e s ;  for example, t h e  r o l l  and 
yaw c o e f f i c i e n t s  were d iv ided  i n  h a l f  ( f i g .  5 ( a ) ) .  The u s u a l  s i g n  convent ion used 
( t h a t  is, t r a i l i n g  edge down), which produces l i f t ,  w a s  cons idered  positive. N o t e  
t h a t  the g e n e r a l  nonl inear  f e a t u r e  of t h e  yawing-moment d a t a  from Newtonian flow 
( f i g .  4 )  is  preserved f o r  a l l  f l i g h t  c o n d i t i o n s  cons idered  ( f i g .  5 ( b ) ) .  It is t h i s  
n o n l i n e a r  f e a t u r e ,  namely t h e  f l a t  slope a t  nega t ive  d e f l e c t i o n s ,  t h a t  enables t h e  
separa te -sur face  concept  t o  be e f f e c t i v e  i n  producing yaw c o n t r o l .  The aerodynamic 
c o e f f i c i e n t s  f o r  the s u r f a c e  d e f l e c t i o n s  were t a b u l a t e d  so that the d e r i v a t i v e s  could 
be obta ined  f o r  selected t r i m  c o n d i t i o n s .  The inboard and outboard d e r i v a t i v e s  f o r  
t w o  assumed t r i m  c o n d i t i o n s  are presented  i n  table 3. A l s o ,  for informat ion ,  the 
s i d e - f o r c e  c o e f f i c i e n t s  are shown i n  f i g u r e  5 ( c  1. 
I With the separa te -sur face  concept ,  t h e  ro l l  t r a n s f e r  f u n c t i o n  becomes 
F l i g h t  C h a r a c t e r i s t i c s  
The l i n e a r i z e d  body a x i s  e q u a t i o n s  of motion w e r e  used to compute t h e  f l y i n g  
q u a l i t y  parameters of t a b l e  4 and f i g u r e s  6 and 7. Figure 6 shows t h a t  t h e  basic 
S h u t t l e  orbiter with f i x e d  c o n t r o l s  has  a spiral-rol l  coupled mode and a Dutch r o l l  
mode wi th  l o w  frequency and damping. The n e g a t i v e  roll-yaw coupl ing  parameters 
( w @ / ~ ~ ) ~  
t ive  a i l e r o n  input  would r e s u l t  i n  t h e  v e h i c l e  s t a r t i n g  to  r o l l  r i g h t  and then r o l l  
l e f t .  The i n a b i l i t y  t o  achieve near  pole-zero c a n c e l l a t i o n  of t h e  Dutch r o l l  modes 
by convent iona l  means is q u i t e  e v i d e n t  as shown i n  f i g u r e  7. The convent iona l  means 
to  correct undes i rab le  roll-yaw coupl ing is  to  i n c o r p o r a t e  an a i le ron- to- rudder  
i n t e r c o n n e c t  which s e r v e s  to reduce t h e  e f f e c t i v e  adverse  yawing components and/or to  
r e l y  on a yaw damper t o  provide s u f f i c i e n t  Dutch roll damping so t h a t  no s t a b i l i t y  
problems occur.  For the c u r r e n t  o rb i te r ,  this problem w a s  so lved  by us ing  an a c t i v e  
c o n t r o l  system which i n c l u d e s  t h e  r e a c t i o n  c o n t r o l  system t h r u s t e r s  f o r  yaw c o n t r o l .  
shown i n  t a b l e  4 are i n d i c a t i v e  of r o l l  reversal problems i n  which a posi- 
I n  the absence of convent iona l  means and to e l i m i n a t e  the dependency on t h e  RCS, 
t h e  inboard and outboard s u r f a c e - c o n t r o l  concept  w a s  cons idered  as an added c o n t r o l  
f o r  d i r e c t i o n a l  s t a b i l i t y  augmentation to  o b t a i n  near  pole-zero c a n c e l l a t i o n  of the 
Dutch r o l l  modes. W i t h  t h e  proposed scheme, c o n t r o l  is accomplished by trimming t h e  
inboard and outboard s u r f a c e s  and c o o r d i n a t i n g  t h e  incrementa l  d e f l e c t i o n s  of a l l  
t r a i l i n g - e d g e  s u r f a c e s  t o  e f f e c t  moment c o n t r o l .  With t h e  s u r f a c e s  t r i m m e d ,  t h e  
r a t i o  of t h e  d e f l e c t i o n  of the inboard and outboard s u r f a c e s  (which c o o r d i n a t e  t h e  
d e f l e c t i o n s )  determines t h e  placement of t h e  r o l l  t r a n s f e r  f u n c t i o n  zeros .  For t h e  
convent iona l  c o n t r o l ,  t h e  r o l l  t r a n s f e r  f u n c t i o n  is 
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The d e f l e c t i o n  r a t i o  
g a i n  necessary  t o  ob ta in  near  pole-zero c a n c e l l a t i o n  of t h e  Dutch r o l l  modes. 61/60 
of the  inboard and outboard s u r f a c e s  is the yaw c o n t r o l  
The +/6c t r a n s f e r  func t ion  zeros  f o r  an assumed t r i m  cond i t ion ,  i n  which 
t h e  inboard s u r f a c e s  are up (6tr I = -10') and the  outboard s u r f a c e s  are down 
(6tr ,o = 10') with d e f l e c t i o n  r a t i o s  
e a r l y  s imula t ions  and computations and are shown i n  f i g u r e  8. As shown, it would be 
q u i t e  d i f f i c u l t  to o b t a i n  near  pole-zero c a n c e l l a t i o n  of t h e  Dutch r o l l  modes with a 
d e f l e c t i o n  r a t i o  of -1.9 f o r  cond i t ions  where M > 2.99. For a d e f l e c t i o n  r a t i o  of 
-2.8, pole-zero c a n c e l l a t i o n  can be obtained f o r  the  proposed Mach number range. 
6,/6, of -1.9 and -2.8, w e r e  s e l e c t e d  from 
Control-System Design Cr i t e r i a  
The Space S h u t t l e  o r b i t e r  i s  q u i t e  d i f f e r e n t  i n  c o n f i g u r a t i o n  and o p e r a t i o n a l  
envelope than any o t h e r  veh ic l e  flown before.  Consequently,  l a r g e  e x t r a p o l a t i o n s  had 
t o  be made t o  e s t a b l i s h  handl ing  q u a l i t i e s  f o r  the  atmospheric  f l i g h t  phase. For 
t h i s  s tudy ,  t h e  f l y i n g  q u a l i t y  cr i ter ia  were selected based, i n  part, on the s tudy  of 
r e f e r e n c e s  3 and 4. From re fe rence  3, the  veh ic l e  w a s  cons idered  t o  be of class 111, 
ca tegory  C, and have better than l e v e l  2 f l y i n g  q u a l i t y  requirements .  The parameters 
s e l e c t e d  t o  e v a l u a t e  and/or s p e c i f y  were the r o l l  ra te  p t i m e  response,  the r o l l  
t i m e  c o n s t a n t  TR, the spiral-mode time t o  double ampli tude 
2 
t2, a l i m i t e d  s i d e s l i p  
excur s ion ,  and the  roll-yaw coupl ing parameter (w$/wd) . 
Figure  9 shows the  normalized r o l l  rate p t i m e  response requirement  boundar ies  
f o r  t h e  f l i g h t  c o n t r o l  system i n  t h e  hypersonic and t h e  supe r son ic  regime from r e f e r -  
ence 4. For a commanded r o l l  rate ( p  = 5 deg/sec, ref. 31,  t he  s t e a d y - s t a t e  r o l l  
rate p should  be reached i n  10 sec. The roll-mode t i m e  c o n s t a n t  given i n  r e f e r -  
ence 3 is c o n s i s t e n t  with t h i s  response and w a s  s e l e c t e d  as 
spiral-mode t i m e  c o n s t a n t  given i n  re ference  3 is also cons idered  s a t i s f a c t o r y ,  and a 
minimum t i m e  to  double  ampli tude of t2 > 12 sec 
TR < 3.0 sec. The 
w a s  s e l e c t e d .  
The Dutch r o l l  mode damping i s  considered s a t i s f a c t o r y  f o r  a damping r a t i o  of 
Fd > 0.02 ( r e f .  3 ) .  The s i d e s l i p  excursion is limited to @ < 2' i n  t he  c u r r e n t  
S h u t t l e  because of dependence on the  RCS s y s t e m .  I n  c o n s i d e r a t i o n  of t h i s  l imita- 
t i o n ,  a Dutch r o l l  damping r a t i o  w a s  s e l ec t ed  as being s a t i s f a c t o r y  f o r  
As i n d i c a t e d ,  the  Space S h u t t l e  o r b i t e r  e x h i b i t s  r o l l  r e v e r s a l  problems throughout  
t he  proposed t r a j e c t o r y .  To i n s u r e  t h a t  r o l l  r e v e r s a l  is e l imina ted  and t o  avoid 
s l u g g i s h  response and p i lo t - induced  o s c i l l a t i o n s ,  t he  roll-yaw coupl ing  parameter w a s  
selected to  be 
Fd > 0.15. 
0.8 < ( w $ / ~ ~ ) ~  < 1.0. 
Open-Loop S tep  Control Responses 
Linear  system a n a l y s i s  w a s  made f o r  d i f f e r e n t  assumed t r i m  cond i t ions  and def lec- 
t i o n  ra t ios  of the  inboard and outboard sur faces .  This  a n a l y s i s  w a s  t o  determine i f  
t u r n  c o o r d i n a t i o n  could be achieved by d e f l e c t i n g  the  wing t r a i l i ng -edge  s u r f a c e s  
a lone  by u s i n g  the  sepa ra t e - su r face  concept. The r o l l  rate p,  the r o l l  angle  +, 
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and the s i d e s l i p  $ responses  f o r  the open-loop u n a l t e r e d  c o n f i g u r a t i o n  and selected 
cases f o r  t h e  a l t e r e d  ( s e p a r a t e - s u r f a c e  c o n f i g u r a t i o n  are presented  i n  f i g u r e s  10 
through 1 5 to show these  condi t ions .  
Figure 10 shows the responses f o r  the open-loop u n a l t e r e d  c o n f i g u r a t i o n  for a 
s tep a i l e r o n  inpu t  6, of 2 O .  The responses  ( f i g s .  1 0 ( a )  and ( b ) )  show t h a t  r o l l  
r e v e r s a l  problems occur throughout  the Mach number range (9 .98  > M > 2 . 4 8 ) .  I n  addi- 
t i o n ,  l a r g e  induced s idesl ip  angles  are c r e a t e d  ( $  > 3O) as shown i n  f i g u r e  l O ( c ) .  
Figure 11 shows t h e  response f o r  an assumed t r i m  c o n d i t i o n  i n  which t h e  inboard  
s u r f a c e s  are up (titr I = -loo) and the outboard s u r f a c e s  are down (b t r l0  = loo), with  
a d e f l e c t i o n  ra t io  of the inboard t o  outboard s u r f a c e  of 0. For a step command out-  
board d e f l e c t i o n  of from t r i m ,  t h e  r i g h t  outboard s u r f a c e  i s  t r a i l i n g  edge 
down (bOR = 12O). 
star ts  negat ive  b u t  i n c r e a s e s  to  p > 8 deg/sec f o r  M < 4.47;  hence, moderate ro l l  
a n g l e s  develop, 4 > 40° ( f i g s .  1 l ( a )  and ( b ) ) .  Favorable  s i d e s l i p  a n g l e s  (s idesl ip  
a n g l e s  i n  t h e  oppos i te  d i r e c t i o n  of the r o l l  a n g l e s )  are induced, $ < -2.0' 
( f i g .  1 1  ( c ) ) .  
6, = 2 O  
The response shows a tendency f o r  ro l l  reversal. The ro l l  rate 
Figure  12 shows the responses  f o r  an assumed t r i m  c o n d i t i o n  where t h e  inboard 
= loo), with a d e f l e c t i o n  ra t io  which c o o r d i n a t e s  t h e  d e f l e c t i o n s  of t h e  
s u r f a c e s  are l e v e l  ( b t r I I  = O o )  and t h e  outboard t r a i l i n g - e d g e  s u r f a c e s  are down 
(6tr  o inbodrd to  outboard s u r f a c e s  of -1.9.  For a s tep command i n p u t  from t r i m  of 
6, = I O o ,  t h e  r i g h t  inboard s u r f a c e  i n p u t  i s  t r a i l i n g  edge up (61R = -19') and 
t h e  r i g h t  outboard s u r f a c e  i n p u t  is t r a i l i n g  edge down ( 6  = l o o ) .  I t  should be 
recognized t h a t  t hese  i n p u t  d e f l e c t i o n s  are f o r  a l i n e a r  system which is  t h e  same as 
a d i f f e r e n t i a l  d e f l e c t i o n  of 6,, = -9.5,  6,, = 9 .5 ,  6,, = 5, and 6, = -5. 
The responses  fo r  M = 9.98 and M < 3.51 show r o l l  r e v e r s a l  problems. The r o l l  
ra te  starts positive b u t  becomes negat ive  wi th  small response amplitudes.  I n  t h e  
Mach number range 4.47 > M > 3.98,  t h e r e  is very l i t t l e  response to  t h e  command 
i n p u t  ( f i g s .  1 2 ( a )  and ( b ) ) .  Adverse s i d e s l i p s  $ ( s i d e s l i p s  i n  t h e  d i rec t ion  of 
t h e  i n p u t )  are e x h i b i t e d  f o r  M = 9.98 and M < 3.51 ( f i g .  1 2 ( c ) ) .  
OR 
Figure 13 shows t h e  responses  f o r  an assumed t r i m  c o n d i t i o n  i n  which t h e  inboard  
t r a i l i n g - e d g e  sur faces  are up (6 t r , I  = -IOo) and t h e  outboard s u r f a c e s  are down 
( h t r , ,  = loo), with a d e f l e c t i o n  r a t io  of t h e  inboard to  outboard t r a i l i n g - e d g e  Sur- 
f a c e s  of -1.9.  6, = loo 
6, = loo), t h e  r i g h t  inboard s u r f a c e  i n p u t  is t r a i l i n g  edge up (61R = - 1 9 O )  and 
t h e  r i g h t  outboard surface i n p u t  is t r a i l i n g  edge down (6, = l o o ) .  
f o r  M > 3.51 show a tendency f o r  r o l l  r e v e r s a l ;  t h e  r o l l  rate starts negat ive  bu t  
becomes i n c r e a s i n g l y  l a rge .  I n  t h e  range of M < 4 .47 ,  the ro l l  rate becomes 
p > 20 deg/sec; hence, large r o l l  a n g l e s  develop ((I > l o o o )  ( f i g s .  1 3 ( a )  and ( b ) ) .  
I n  the Mach range 4.47 > M > 3.51, s i d e s l i p  a n g l e s  f a v o r a b l e  t o  the i n p u t  are 
induced @ > - 2 . O O .  I n  the lower Mach number range ( M  < 2 . 9 9 ) ,  sidesl ip  increases 
as Mach number decreases  ( $  > - 1 . O O )  ( f ig .  1 3 ( c ) ) .  
For a step command i n p u t  from t r i m  of (6, = IOo, 
The responses  
Figure 14 shows t h e  responses  f o r  an assumed t r i m  c o n d i t i o n  of 
c T 
6tT,I -100 and 
of  6 = loo (6, = l o o ,  6 = l o o ) ,  t h e  r i g h t  inboard s u r f a c e  is up (61R = -28') and 
t h e  r i g h t  outboard s u r f a c e  i s  down (6,, = 10"). 
e x i s t .  For M = 9.98,  the r o l l  rate p is i n  t h e  d i rec t ion  of the i n p u t  bu t  oscil- 
la tes  about t h e  a x i s ;  hence, t h e  r o l l  angle  (I remains about  t h e  a x i s .  For t h e  Mach 
range 4.47 > M > 2.99, t h e  ro l l  rate i n c r e a s e s  to  p u 15 deg/sec b u t  decreases  
with Mach number. The r o l l  a n g l e s  are l a r g e  ( 4  < l o o o )  and also decrease  wi th  Mach 
€itrI0 = l oo ,  with a d e f l e c t i o n  ra t io  of -2 .8.  For a step command i n p u t  from t r i m  
Roll r e v e r s a l  problems do no t  
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number ( f i g s .  1 4 ( a )  and ( b ) ) .  The s i d e s l i p s  fJ are adverse  f o r  M = 9.98 and 
M < 3.51 b u t  are favorab le  i n  the range of 4.47 > M 3 3.98 ( f i g .  1 4 ( c ) ) .  
The rudder e f f e c t i v e n e s s  f o r  t h e  sepa ra t e - su r face  concept is of g r e a t  i n t e r e s t  
i n  c o n s i d e r a t i o n  of the p r o p o r t i o n a l  c o n t r o l  feedback system. To i n d i c a t e  t h e  con- 
t r i b u t i o n  that could  be obta ined  f o r  t he  c o n t r o l  system, responses  f o r  a rudder  
i n p u t  are shown i n  f i g u r e  15. For an assumed t r i m  c o n d i t i o n  of 6tr ,I  = - loo and 
6, = - 2 O ,  t h e r e  are no responses  f o r  ' t r , O  
Th i s  r e s u l t  is as expected because of the lack of rudder p o w e r  ( rudder  d e r i v a t i v e s  
are z e r o )  a t  t h i s  Mach number. For the  Mach number range of M < 4.47, t he  r o l l  rate 
i n c r e a s e s  as Mach number dec reases  (p  > 10 deg / sec ) ;  hence, t h e  r o l l  ang le  also 
increases (I$ 3 S O 0 )  ( f i g s .  1 5 ( a )  and ( b ) ) .  Small ,  f a v o r a b l e  s i d e s l i p s  are induced, 
f4 > - 2 O  ( f i g .  1 5 ( c ) ) .  It  should be noted that ,  as expec ted ,  a nega t ive  rudder 
d e f l e c t i o n  w a s  necessa ry  t o  o b t a i n  the d e s i r e d  responses .  
= 100, wi th  a rudder i n p u t  of M = 9.98. 
It  has been shown t h a t  t he  sepa ra t e - su r face  concept can be used as a yaw c o n t r o l  
t o  o b t a i n  d i r e c t i o n a l  s t a b i l i t y .  For an assumed t r i m  c o n d i t i o n  with a p a r t i c u l a r  
d e f l e c t i o n  r a t i o ,  t he  r o l l  r e v e r s a l  problem w a s  e l imina ted .  I t  w a s  a l s o  shown t h a t  
t h e  rudder is e f f e c t i v e  f o r  M < 4.47, t h e  e f f e c t i v e n e s s  of which could be incorpo- 
r a t e d  i n t o  a feedback control-system design. 
LATERAL FLIGHT CONTROL-SYSTEM DESIGN 
The inboard and outboard e levons  and rudder s u r f a c e s  were combined t o  o b t a i n  a 
cont ro l - sys tem des ign  t h a t  would provide  s a t i s f a c t o r y  f l y i n g  q u a l i t i e s .  The basic 
l i n e a r i z e d  lateral  equa t ions  of motion i n  body axes  were i n  t h e  form 
i + + 
x = A x + B u  
where t h e  s t a t e  vec to r  w a s  r ep resen ted  as 
The c o n t r o l  l a w  w a s  of t h e  form 
+ + -* 
u = G y + F u  
C 
+ + 
where u and u are t h e  inboard and outboard s u r f a c e  and rudder c o n t r o l  and com- 
mand i n p u t ,  r e s p e c t i v e l y .  To o b t a i n  t h e  gains necessa ry  to  g ive  s a t i s f a c t o r y  han- 
d l i n g  q u a l i t i e s ,  t h e  c o n t r o l  s u r f a c e s  were cons idered  t o  be d e f l e c t e d  i n d i v i d u a l l y  
(bo, 6, and 6 r ) .  The commanded d e f l e c t i o n s  of the outboard ( 6  1 and the inboard  
(61,c) e l e v o n s  were set equa l  to  t h e  c o n t r o l  i n p u t  where 
C 
0,  c 
11 
and 60/60,c which are f e d  forward by u s i n g  the 
P I ,  c The i n t e r c o n n e c t  ratios 
m a  t r i x whe re 
Lateral a c c e l e r a t i o n  feedback was used i n  t h e  form 
-+ -+ -+ 
y = H  x + H  U 1 2 
where t h e  o u t p u t  vec tor  w a s  
The closed-loop system t a k e s  t h e  form 
i -+ 
x = [ A  + B ( I  - GH2)-lGHl]x + [ B ( I  - GH,)-lF]<c 
The implementation of the system as a t w o  c o n t r o l l e r ,  a l a te ra l  and rudder  
c o n t r o l ,  would take t h e  form 
4 x = [ A  + B ( I  - G H 2 )  -1 G H l ] z  + p3/BHq][~C, l i=C,2]T 
( 1 3 )  
where [BH3 BH4] and 
1: ] are p a r t i t i o n s  of [ B ( I  - GH2)-’F] and [:,I. c,11 c , 2  
The system represented  by equat ion  (1  3) w a s  used i n  o b t a i n i n g  t h e  feedback g a i n s  
and t h e  c o n t r o l  i n t e r c o n n e c t  ra t ios  f o r  s a t i s f a c t o r y  f l y i n g  q u a l i t i e s .  
A d i f f e r e n t i a l  s y n t h e s i s  technique,  expla ined  i n  r e f e r e n c e  5, w a s  used to  o b t a i n  
t h e  feedback gains  and c o n t r o l  i n t e r c o n n e c t  r a t i o s  t h a t  produce selected f l y i n g  qual-  
i t y  parameters. I n  accordance with t h e  p r e v i o u s l y  d i s c u s s e d  c r i t e r i o n ,  t h e  s p i r a l  
mode t i m e  cons tan t  TS 
and t h e  r o l l  mode t i m e  c o n s t a n t  as TR = 3.0. 
s e l e c t e d  as c d  = 0.15 
a d j u s t e d  f o r  the roll-yaw coupl ing parameter. 
w a s  s e l e c t e d  to be the t i m e  to  double ampli tude of 
with t h e  f requencies  c l o s e  to  the open-loop c o n d i t i o n s  and 
t2 = 12 
The Dutch r o l l  damping r a t i o  w a s  
To e l i m i n a t e  the r o l l  r e v e r s a l  problems, a d e f l e c t i o n  r a t io  of t h e  inboard t o  
outboard s u r f a c e s  t h a t  would y i e l d  near  pole-zero c a n c e l l a t i o n  of t h e  Dutch r o l l  
modes w a s  se lec ted .  As shown i n  f i g u r e  8, it would be impossible to o b t a i n  near  
pole-zero c a n c e l l a t i o n  of t h e  Dutch ro l l  mode wi th  a d e f l e c t i o n  ra t io  6,/6, of 
12 
-1.9 f o r  M > 2.99. Therefore ,  a d e f l e c t i o n  r a t i o  of -2.8 w a s  s e l e c t e d  and the  roll-  
yaw coupl ing  parameter w a s  set to  
ra te  p, the  yaw rate r,  and the  s ide- force  a c c e l e r a t i o n  a 
inboard  c o n t r o l  i n t e r c o n n e c t  r a t i o  61/61,, f i x e d ,  t he  outboard c o n t r o l  i n t e r c o n n e c t  
r a t i o  
( (J@/(J , )~  = 1.  Feedback w a s  assumed on t h e  r o l l  
Also,  with the  Y* 
w a s  allowed t o  vary t o  achieve the  d e s i r e d  c h a r a c t e r i s t i c s .  
60/60, c 
Table 5 shows the  feedback ga ins  and the c o n t r o l  i n t e r c o n n e c t  r a t i o s  t h a t  gave 
t h e  f l y i n g  q u a l i t y  parameters  of table 6 fo r  an assumed t r i m  cond i t ion  and d e f l e c t i o n  
r a t i o  of 6,/6, = 2.8. 
t h e  s a t i s f a c t o r y  handl ing  q u a l i t y  s p e c i f i c a t i o n  with the  except ion  of M > 4.47, and 
the  feedback ga ins  and in t e rconnec t  r a t i o s  are s m a l l .  For M = 9.98, t he  s p e c i f i c a -  
t i o n  f o r  t he  s p i r a l  mode ( l /TS)  and the  roll-yaw coupl ing  parameter 
re l axed  because of the aerodynamic r e s t r i c t i o n s .  
Table 6 shows t h a t  the achieved c h a r a c t e r i s t i c s  are wi th in  
( w @ / o , ) ~  w e r e  
Pole-zero c a n c e l l a t i o n  w a s  achieved throughout t h e  Mach number range. In  m o s t  
cases, the  Dutch r o l l  damping r a t i o s  cd were inc reased  and the  roll-yaw coupl ing  
parameters  ( ( J @ / ( J ~ ) ~  were decreased t o  reduce t h e  s i d e s l i p  @ excurs ions .  The 
responses  f o r  a s t e p  command i n p u t  of from t r i m  ( f i g .  16)  show t h a t  f o r  
M = 9.98 t h e  r o l l  rate is small ( p  = 1.2 deg/sec)  ; t h e r e f o r e ,  t he  r o l l  angle  is 
small wi th  4 = l o o  i n  10 sec ( f i g s .  1 6 ( a )  and ( b ) ) .  (The reader  w i l l  no te  t h e  
change i n  t h e  scales f o r  t h i s  Mach number.) For M < 4.47, the responses  show t h e  
system to  be s a t i s f a c t o r y .  The r o l l  rates meet t h e  requirement  of 5 deg/sec with a 
range of 18 deg/sec > p > 5 deg/sec,  and it i n c r e a s e s  as Mach number decreases .  The 
r o l l  ang le s  are a l s o  wi th in  t h e  required I$ = 30' w i th  a range of 108O > @ 2 37' 
and, as expec ted ,  i n c r e a s e  as Mach number decreases .  The s i d e s l i p  ang le s  are 
favorab le  i n  the  Mach range M < 4.47 with -2.4 < 8 < -1.4 ( f i g .  1 6 ( c ) ) ,  which 
a l s o  i n c r e a s e s  as t h e  Mach number decreases .  
6, = l o o  
Because of t he  s e n s i t i v i t y  and the  change i n  s i g n  of some of t he  ga ins ,  a s i n g l e  
set of feedback ga ins  with an in t e rconnec t  r a t i o  t h a t  would g ive  reasonable  responses  
throughout  t h e  t r a j e c t o r y  could not  be obtained.  However, f o r  t he  t r i m  cond i t ion  and 
d e f l e c t i o n  r a t i o  given, feedback ga ins  and i n t e r c o n n e c t  r a t i o s  t h a t  would g ive  g o d  
handl ing  qual i t ies  and show s e n s i t i v i t y  from one cond i t ion  to  the  next  could be used 
i n  t h e  range of M < 4.47. It should be recognized t h a t  a t  M = 9.98 the  h igh  ang le  
of a t t a c k  a and the  low dynamic p res su re  q wi th  an i n e f f e c t i v e  rudder  caused 
h ighe r  than normal feedback ga ins .  
Table  7 shows t h e  feedback ga ins  and t h e  c o n t r o l  in te rconnec t  r a t i o s  used  t o  
i l l u s t r a t e  how t h e  s imple ga ins  may be s e l e c t e d  t o  i n d i c a t e  t h e  s e n s i t i v i t y  from one 
Mach number t o  t h e  next.  Table 8 shows t h a t  t h e  f l y i n g  q u a l i t y  parameters  meet t h e  
accepted  requirements  except a t  M = 3.98 which shows a l o w  Dutch r o l l  damping r a t i o  
cd. 6, of l o o  from t r i m  ( f i g .  17)  show t h a t  
t h e  r o l l  rate responses  are s a t i s f a c t o r y  (p = 5 deg/sec)  w i th  a range of 
18.6 deg/sec > p 2 5.7 deg/sec ( f i g .  1 7 ( a ) ) .  The r o l l  a n g l e s  are s a t i s f a c t o r y  
( Q  > 30') w i th  a range of 100.5O > Q > 36O ( f i g .  1 7 ( b ) ) .  The s i d e s l i p s  are favor -  
a b l e  i n  t h i s  range wi th  -2.68O < 8 < - l o  ( f i g .  1 7 ( c )  ). The s i d e s l i p  i s  l a r g e  f o r  
M = 2.99 ( 8  = -20) ; b u t ,  i n  cons ide ra t ion  of t h e  l a r g e  r o l l  ang le  ( Q, = 83.7' 1 ,  t h e  
s i d e s l i p  would be w i t h i n  t h e  r equ i r ed  l i m i t  w i th  a r educ t ion  i n  t h e  commanded inpu t .  
The responses  f o r  a s t e p  command i n p u t  
CONCLUDING REMARKS 
A s epa ra t e - su r face  control-system concept  has  been p resen ted  f o r  t h e  Space 
S h u t t l e  t h a t  allows f o r  independent c o n t r o l  of t h e  moments abou t  a l l  t h r e e  body 
axes  by u s i n g  t h e  elevon and rudder  as e f f e c t o r s .  For t h i s  concept ,  c o n t r o l  i s  
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accomplished by trimming the inboard  and outboard  s u r f a c e s  and c o o r d i n a t i n g  the  
incrementa l  d e f l e c t i o n  of a l l  t h e  t r a i l i n g - e d g e  s u r f a c e s  t o  e f f e c t  moment c o n t r o l .  
This  trimming i s  necessary t o  e l i m i n a t e  r o l l  r e v e r s a l  problems p r e v a l e n t  i n  t h e  
lateral  responses .  The concept  w a s  eva lua ted  f o r  hypersonic  f l i g h t  by u s i n g  t h e  
Newtonian impact theory.  Resu l t s  i n d i c a t e  t h a t  a t  an a l t i t u d e  of 100 000 f e e t ,  where 
t h e  rudder  is masked by t h e  body of t h e  S h u t t l e ,  the e f f e c t i v e n e s s  of t h e  t r a i l i n g -  
edge s u r f a c e s  i n  producing yaw c o n t r o l  moment i s  s l i g h t l y  g r e a t e r  t h a n  t h e  most 
e f f e c t i v e  yaw je t .  Fur ther  a n a l y s i s  w a s  made wi th  t h e  Space S h u t t l e  d a t a  base a l o n g  
wi th  t h e  STS-1 r een t ry  t r a j e c t o r y  wi th  t h e  assumption t h a t  t h e  inboa rd  and outboard  
s u r f a c e s  had equal  e f f e c t i v e n e s s .  This  assumption w a s  j u s t i f i e d  i n  t h e  hype r son ic  
f low regime by Newtonian a n a l y s i s .  
regime. A l i n e a r i z a t i o n  of t h e  l a te ra l  dynamics of t h e  v e h i c l e  taken  a l o n g  t h e  STS-1 
r e e n t r y  t r a j e c t o r y  w a s  used f o r  f l i g h t  c o n t r o l  des ign  and s i m u l a t i o n  s t u d i e s .  For a n  
assumed t r i m  condi t ion  and d e f l e c t i o n  r a t i o ,  nea r  pole-zero c a n c e l l a t i o n  of t h e  t h t c h  
r o l l  mode w a s  obtained and t h e  v e h i c l e  e x h i b i t e d  s u b s t a n t i a l  r o l l  e f f e c t i v e n e s s .  A 
control-system design w i t h  t he  inboard  and outboard e l evon  and rudder  s u r f a c e s  a s  
e f f e c t o r s  w a s  used t o  o b t a i n  s a t i s f a c t o r y  handl ing  q u a l i t i e s .  In t h e  Mach number 
range M < 4.47, the specified s a t i s f a c t o r y  hand l ing  q u a l i t i e s  w e r e  ob ta ined .  How- 
ever ,  the absence of rudder  e f f e c t i v e n e s s  a t  high Mach numbers p reven t s  o b t a i n i n g  
s a t i s f a c t o r y  f l y i n g  q u a l i t i e s .  F ly ing  q u a l i t i e s  s p e c i f i c a t i o n s  w e r e  t aken  from t h e  
m i l i t a r y  s p e c i f i c a t i o n s  f o r  class I11 p i l o t e d  t r a n s p o r t  a i r c r a f t  which may n o t  be 
r equ i r ed  a t  t h e  hypersonic cond i t ions  i n  e a r l y  e n t r y .  
It has  n o t  been j u s t i f i e d  i n  t h e  s u p e r s o n i c  
These r e s u l t s  imply t h a t  t h e  concept  can be used t o  e l i m i n a t e  t h e  r e a c t i o n  con- 
t r o l  system (RCS) j e t  i n  t h e  Space S h u t t l e  o r b i t e r  f o r  t h e  M < 4.47 c o n d i t i o n s  and 
reduce t h e  RCS j e t  f o r  the  h i g h e r  Mach number cond i t ions .  It w a s  a l s o  Shawn t h a t ,  
because of the  l a rge  v a r i a t i o n  of system dynamics ove r  t h e  e n t i r e  t r a j e c t o r y ,  t h e r e  
i s  a change i n  s ign  of some of t h e  ga ins ;  t h e r e f o r e ,  a s i n g l e  s e t  of feedback g a i n s  
' that  would g ive  reasonable  response throughout  t h e  t r a j e c t o r y  could  n o t  be o b t a i n e d  
and, hence, ga in  schedul ing  is  necessary.  
Langley Research Center  
Na t iona l  Aeronautics and Space Adminis t ra t ion  
Hampton, VA 23665 
June 7, 1984 
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TABLE 1.- E'LIGHT CONDITIONS 
Time I 
sec 
[Taken from t h e  STS-1 t r a j e c t o r y ]  
hI M a I  
f t  de9 
F l i g h t  
c o n d i t i o n  
















TABLE 2.- SPACE SHUTTLE AERODYNAMIC CHARACTERISTICS 
C h a r a c t e r i s  t i c  
h, f t  ........... 
v,  f p s  .......... 
7, psf .......... 
x ,  deg .......... 
3 ,  deg .......... 
- rad" ...... 
3, , rad-' . . . . . . 
-Ip' 
P 
, rad-' . . . . . . 
-'r 
3 rad-' ...... 
rad-' ...... -n ' 
2 , rad" . . . . . . 
"r 
ZyB, rad" . . . . . . 
"PI 
P 
3 , rad-' ..... 
2, , rad" ..... 
3 , rad-' ..... 
3 , rad-' ..... 
3 , rad-' ..... 
'% 
6 r  
"6 a 
"6 r 
' 6  a 
3 , rad-' ..... 
' 6  r 
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TABLE 3.- COMPUTED INBOARD AND OUTBOARD TRIM AERODYNAMIC CONTROL DERIVATIVES 
Mach number of - 
De r i va ti ve 
2.48 2.99 3.51 3.98 4.47 9.98 
C, , rad-' ... 
C , rad-' ... 
C , rad' ... 
C , rad-' ... 
C , rad-' ... 




"' I R  
" OR 
'' I R  
C, , rad-' ... 
C , rad-' ... 
C , rad-' ... 
C , rad' ... 
C , rad-' ... 




"' I R  
" OR 






-0 0049463 1 
-0.01827993 
-0.01 21 7374 
0.01008192 
0.0001 10348 









-0.01 341 37 
0.01 164571 
0.00538278 






0.0001 005 3 
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TABLE 5.- FEEDBACK GAINS AND CONTROL INTERCONNECT R A T I O S  FOR 
AUGMENTING SPACE SHUTTLE WITH INBOARD AND OUTBOARD 
ELEVON AND RUDDER SURFACES 
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TABLE 7.- FEEDBACK G A I N S  W E  CONTROL INTERCONNECT R A T I O S  
USED FOR S E N S I T I V F :  EVALUATION 
F ki 
M 
P r aY 6 0 R  I R  
~~ 
12.97 0.7 -0.2 1.8 0 0 2.48 -0.63 




1 .o 0.4 -0.05 1.8 0 
0.3 1 0.63 0.6 15.64 2.99 
0.6 
0.83 0 0 1 .o 
0.99 0 0 
0 -2.8 0 
0 0 1 .o 
0.9 0 0 
0 -2.8 0 
0 0 1 .o 
-0.47 -0.36 
0.35 0.15 
3.51 17.73 0.8 
0.9 
1.73 -0.57 0.14 
1.1 -0.37 3.98 0.9 18.08 
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c tip = 60 in. 
croot = 119 in. 
c =81  in. BF 
120.7 in.+ 
i 1 
Figure 1.- Planform geometry of Space Shuttle 
showing separate surf aces. 
Figure 2. - Aerodynamic force representation 
used for  Newtonian f l o w .  
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Figure  3.-  Forces and moments f o r  ou tboard  
d e f l e c t i o n  f o r  f3 = O o .  
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Figure  4.- Separa te -sur face  c o n t r o l  e f f e c t i v e n e s s .  
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( a )  Rolling moments. 
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(b) Yawing moments. 
F i g u r e  5.- Continued. 
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( c )  Side force. 
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F i g u r e  6. - Root locus poles for normal unaugmented S h u t t l e  conf igura t ion .  
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(b) Supersonic and subsonic. 
Figure 9.- Normalized roll rate response boundaries. 
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Figure  10.- Lateral responses  f o r  normal unaugmented 
S h u t t l e  c o n f i g u r a t i o n  with a i l e r o n  step i n p u t  
6 ,  = 2 O .  
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Figure 10. - Continued. 
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Figure 10.- Concluded. 
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Figure 11.- L a t e r a l  responses  f o r  s epa ra t e - su r face  
conf igu ra t ions  with s t e p  outboard d e f l e c t i o n  of 
6, = 20  f o r  6 t r , I  = - i o 0 ,  6tr,0 = IO', and 
6,/6, = -0. 
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Figure 1 1 .  - Concluded. 
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Figure 12.- Lateral  responses  for s e p a r a t e - s u r f a c e  
c o n f i g u r a t i o n  with step c o n t r o l  i n p u t  of 
for 'tr,I 
6 C = l o o  
= 00, = i o 0 ,  and 6,/6, = -1.9. 
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Figure 12.  - Concluded. 
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Figure 13.- Lateral responses for separate-surface 
configuration w i t h  step control input of 
for btr,, = -IOo, btr,O = I O o ,  and 6,/6, = -1.9. 
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F igu re  13. - Continued. 
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Figure 14.- L a t e r a l  responses f o r  s epa ra t e - su r face  
conf igu ra t ion  with s tep  c o n t r o l  i npu t  of 
and 6,/6, = -2.8. 
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Figure 14.- Continued. 
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Figure 14. -  Concluded. 
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Figure 15.- Lateral responses for separate-surface 
configuration w i t h  rudder input of 6 = - 2 O  
for 6 = - l o o ,  and 6 = loo.  r 
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Figure 15. - Concluded. 
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Figure 16.- L a t e r a l  responses f o r  augmented sepa ra t e -  
s u r f a c e  conf igu ra t ion  for  6c = loo, 6 = - l o 0 ,  
= loo, and 6,/6, = -2.8. t r , I  
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F igure  16.- Continued. 
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F igure  16.- Concluded. 
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F igure  17 .- Lateral responses  f o r  augmented 
seDarate-surf ace c o n f i g u r a t i o n  to  i n d i c a t e  - - A  
s e n s i t i v i t y  wi th  6, = l o o ,  6t,,I = -100, 
6tr ,0 = 100, and &,/bo = -2.8. 
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